concentration ([Ca 2ϩ ]i) in airway smooth muscle (ASM) during agonist stimulation involves sarcoplasmic reticulum (SR) Ca 2ϩ release and reuptake. The sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA) is key to replenishment of SR Ca 2ϩ stores. We examined regulation of SERCA in porcine ASM: our hypothesis was that the regulatory protein phospholamban (PLN) and the calmodulin (CaM)-CaM kinase (CaMKII) pathway (both of which are known to regulate SERCA in cardiac muscle) play a role. In porcine ASM microsomes, we examined the expression and extent of PLN phosphorylation after pharmacological inhibition of CaM (with W-7) vs. CaMKII (with KN-62/KN-93) and found that PLN is phosphorylated by CaMKII. In parallel experiments using enzymatically dissociated single ASM cells loaded with the Ca 2ϩ indicator fluo 3 and imaged using fluorescence microscopy, we measured the effects of PLN small interfering RNA, W-7, and KN-62 on [Ca 2ϩ ]i responses to ACh and direct SR stimulation. PLN small interfering RNA slowed the rate of fall of [Ca 2ϩ ]i transients to 1 M ACh, as did W-7 and KN-62. The two inhibitors additionally slowed reuptake in the absence of PLN. In other cells, preexposure to W-7 or KN-62 did not prevent initiation of ACh-induced [Ca 2ϩ ]i oscillations (which were previously shown to result from repetitive SR Ca 2ϩ release/reuptake). However, when ACh-induced [Ca 2ϩ ]i oscillations reached steady state, subsequent exposure to W7 or KN-62 decreased oscillation frequency and amplitude and slowed the fall time of [Ca 2ϩ ]i transients, suggesting SERCA inhibition. Exposure to W-7 completely abolished ongoing ACh-induced [Ca 2ϩ ]i oscillations in some cells. Preexposure to W-7 or KN-62 did not affect caffeine-induced SR Ca 2ϩ release, indicating that ryanodine receptor channels were not directly inhibited. These data indicate that, in porcine ASM, the CaM-CaMKII pathway regulates SR Ca 2ϩ reuptake, potentially through altered PLN phosphorylation.
sarco(endo)plasmic reticulum calcium-ATPase; phospholamban; calmodulin; calmodulin kinase ] i ) under basal conditions and with agonist stimulation is important in controlling airway tone. Sarcoplasmic reticulum (SR) Ca 2ϩ release and reuptake is a key component in ASM [Ca 2ϩ ] i regulation and agonist response (22, 43, 52) . In ASM, SR Ca 2ϩ release involves inositol trisphosphate (IP 3 ) and ryanodine receptor (RyR) channels (1, 43, 45) . Ca 2ϩ influx, via multiple mechanisms (22) , is important for replenishment of SR Ca 2ϩ stores during agonist stimulation. SR Ca 2ϩ reuptake occurs via the sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA). Accordingly, regulation of SERCA controls the extent of SR Ca 2ϩ replenishment and, thus, subsequent [Ca 2ϩ ] i response to agonist. Studies in cardiac and slow-twitch skeletal muscles have long established that SERCA can be regulated by phospholamban (PLN), such that phosphorylation of PLN (e.g., by cyclic nucleotides) disinhibits SERCA (5, 9, 37) . Although PLN expression and phosphorylation under physiological conditions have been demonstrated in gastrointestinal (27, 28) and vascular smooth muscles (6, 8, 18, 25, 30, 59) , data on the role of PLN in ASM are very limited (38) .
Phosphorylation of PLN can occur via cAMP-dependent protein kinase or Ca 2ϩ /calmodulin (CaM)-dependent protein kinase (CaMKII) (57, 60) . Previous studies have documented the existence of CaM kinase and a 17-kDa substrate polypeptide, both of which are associated with SR vesicles from ASM (10) . Furthermore, a CaM-dependent kinase has been shown to phosphorylate and, thereby, activate SERCA in porcine coronary artery smooth muscle (18) . However, SERCA modulation by CaMKII has not been reported in ASM. In the present study, using porcine ASM cells, we examined the hypothesis that PLN is present in ASM and regulated by CaMKII.
In previous studies, we demonstrated that agonists such as ACh induce propagating [Ca 2ϩ ] i oscillations, which represent repetitive SR Ca 2ϩ release and reuptake (via IP 3 channels during initiation and RyR channels during maintenance) (24, 45, 56) . Oscillation amplitude reflects the size of the local SR store (Ca 2ϩ content) and oscillation frequency the time course for SR release/ reuptake (43, 56 
MATERIALS AND METHODS

Chemicals
Reagents for electrophoresis were obtained from Bio-Rad Laboratories (Hercules, CA), anti-PLN monoclonal antibody and anti-phosphorylated (Ser 16 
Cell Preparation
The technique for isolation of porcine ASM cells has been previously described (24, 45, 56) . Briefly, fresh porcine tracheas obtained from an abattoir were transported in ice-cold Hanks' buffered saline solution (HBSS) containing 10 mM HEPES (pH 7.4; Life Technologies). The smooth muscle layer was excised and minced with scissors. For biochemical work, these tissue fragments were processed as described below. For single-cell work, tissue fragments were incubated with gentle agitation at 37°C with 20 U/ml papain and 2,000 U/ml DNase (Worthington Biochemical, Freehold, NJ). After 1 h, 0.8 mg/ml type IV collagenase (Worthington Biochemical) was added for 40 min. The dissociated cells were then triturated, centrifuged, and plated on collagen-coated coverslips for imaging.
PLN Knockdown by siRNA
A 20-to 25-nucleotide target-specific siRNA corresponding to human PLN mRNA was selected for PLN knockdown. Porcine ASM were isolated as described above and grown in growth medium consisting of DMEM-Ham's F-12 medium containing 10% fetal bovine serum and 1% Pen-Strep until they reached ϳ70% confluence. Cells were then rinsed in serum-and antibiotic-free DMEM-Ham's F-12 medium and transfected using 50 nM siRNA and Lipofectamine 2000. Fresh growth medium was added 6 h after addition of siRNA, and the cells were analyzed 48 h after transfection. The efficacy of siRNA knockdown was verified by Western analysis of decreased PLN expression.
Preparation of SR Membrane Vesicles
SR membrane vesicles were isolated from ASM according to previously described procedures (18, 53) . Briefly, the smooth muscle layer from fresh porcine trachea was minced well on ice and suspended in ice-cold 10 mM NaHCO 3 buffer (pH 6.8) prepared in Ca 2ϩ -free water, 20 g/l leupeptin, and 100 g/l trypsin inhibitor. After three homogenization cycles for 15 s each with a Dounce (Polytron) homogenizer, the homogenate was centrifuged for an additional 10 min at 1,000 g (4°C) using a Beckmann JA-17 rotor. The supernatant was collected and kept on ice, and the pellet was reconstituted with 4 vol of ice-cold NaHCO 3 buffer and then recentrifuged. The supernatant was decanted and combined with the first supernatant and centrifuged for 20 min at 8,000 g (4°C). After addition of 0.6 M KCl, the pooled supernatants were further subjected to high-speed centrifugation (40,000 g for 1 h at 4°C) using a Beckmann Ti70 rotor. The final supernatant was discarded, and the pellet was suspended in a small volume of 10 mM Tris-maleate (pH 6.8) buffer containing 100 mM KCl and protease inhibitors. After determination of protein content of this purified SR, samples were divided into aliquots, frozen in liquid nitrogen, and stored at Ϫ80°C.
Determination of Ca 2ϩ Uptake
After determination of the specific activity of the 45 Ca 2ϩ isotope (catalog no. NEZ013, Perkin Elmer), the loading medium (LM), consisting of 50 mM Tris-maleate (pH 6.8), 5 mM MgCl 2, 5 mM NaN3, 120 mM KCl, 0.1 mM EGTA, 5 mM potassium oxalate, 0.025 mM ruthenium red, and 8 ϫ 10 3 cpm/nmol 45 Ca 2ϩ , was prepared. The final concentration of KN-62, KN-93, and W-7 was 10 M, with controls containing vehicle alone, and the LM (with or without KN-62, KN-93, or W-7) was then incubated for 3 min at 37°C. Before the addition of SR microsomes, duplicate 200-l aliquots were drawn from treatment and control tubes for assessment of blank counts per minute at time 0. The SR was prepared at a final concentration of 0.1 mg/ml in a phosphorylation medium containing 250 mM HEPES, 50 mM MgCl 2, and 1 mM CaCl2, incubated for 2 min at 37°C, and then combined with LM for further incubation at 37°C for 3 min. Immediately after the addition of 50 mM ATP, 45 Ca 2ϩ uptake into SR was monitored over a 30-min period by transfer of the 200-l aliquots at 5, 15, 30 min onto GF/B 24-mm Whatmann filters. The filters were vacuum-dried, and reactions were stopped by the addition of ice-cold 10 mM Tris-maleate (pH 6.8) wash buffer. Filters were then rinsed five times with 5 ml of the wash buffer, air-dried, and immersed in 10 ml of Ultima-Gold scintillation liquid (Perkin Elmer) for measurement of counts per minute using a Beckmann scintillation counter. Background correction was made by subtraction of values obtained after incubation of microsomes in the absence of ATP for control (without agonist) and inhibitor (with agonist). Values were calculated as percent inhibition at each time point. The protein content of each aliquot was then determined to further normalize the actual 45 Ca 2ϩ uptake in nanomoles per milligram of protein (18, 53, 67) .
Phosphorylation Studies
The phosphorylation assay medium (50 l total volume) contained 50 mM HEPES (pH 7.4), 10 mM MgCl2, 0.1 mM CaCl2, 0.1 mM EGTA, and SR (25 g of protein). The final KN-62 and KN-93 concentration was 10 M, with controls containing buffer alone in the presence or absence of Ca 2ϩ in the assay medium. The phosphorylation reaction was initiated by addition of 10 mM ATP after preincubation of the phosphorylation assay medium for 3 min at 37°C. Reactions were terminated after 3 min by addition of 15 l of SDS sample buffer, and SR proteins were separated by SDS-PAGE using a 15% Criterion Gel System (Bio-Rad Laboratories). Proteins were transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories) for 60 min. The membranes were blocked for 1 h with 5% milk in Tris-buffered saline containing 0.1% Tween, incubated with appropriate primary antibody overnight at 4°C, washed with Trisbuffered saline containing 0.1% Tween, detected with horseradish peroxidase-conjugated secondary antibodies, and developed with Supersignal West Pico Chemiluminescent Substrate (Pierce Chemical, Rockford, IL).
[Ca 2ϩ ]i Imaging
Freshly dissociated porcine ASM cells plated on collagen-coated coverslips were incubated in 5 M fura 2-AM for 45 min at room temperature and then washed with HBSS (2 mM Ca 2ϩ ). Coverslips were placed in an open microscope imaging chamber (model RC25F, Warner Instruments) and visualized with a real-time fluorescence imaging system (MetaFluor, Universal Imaging, Downingtown, PA) on a Nikon Diaphot inverted microscope (Fryer Instruments, Edina, MN). The dye was alternately excited at 340 and 380 nm (Lambda 10-2 filter changer, Sutter Instrument, Novato, CA), and emissions were collected with a 510-nm barrier filter. Images were acquired at 1.33 Hz with a Photometric Cascade digital camera system (Roper Scientific, Tucson, AZ), and results are expressed as the ratio of emissions at 340 nm to emissions at 380 nm. [Ca 2ϩ ]i was quantified from fura 2 levels with use of previously described calibration procedures (19, 48) . Cells were initially perfused with HBSS, and baseline fluorescence was established. [Ca 2ϩ ]i responses of 10 -15 cells per chamber were obtained using individual, software-defined regions of interest.
In separate experiments requiring rapid acquisition of [Ca 2ϩ ]i transients, ASM cells on coverslips were loaded with 5 M fluo 3-AM (which, in contrast to fura 2, is nonratiometric) and imaged at 30 Hz using real-time confocal microscopy (Noran Odyssey XL) as previously described (45) . [Ca 2ϩ ]i was quantified by mapping measured fluorescence intensity to known Ca 2ϩ levels with use of empirical calibrations as described previously (45 
Statistical Analysis
Experiments were performed using ASM cells obtained from at least three tracheas. At least 10 cells were used per protocol. It was not possible to apply all the experimental protocols to every cell. Differences between groups were assessed using one-or two-way ANOVA as appropriate (with agonist, drug, and siRNA as variables). Post hoc analyses were performed using Tukey's test. For repeated measures, Bonferroni's corrections were applied. Statistical significance was tested at P Ͻ 0.05.
RESULTS
Effect of CaM and CaMKII Inhibition on SR Ca 2ϩ Reuptake
In SR microsomes from porcine ASM, addition of ATP (to activate SERCA) progressively increased 45 Ca 2ϩ uptake over 30 min (Fig. 1) . Preincubation of microsomes in 10 M W-7, KN-62, or KN-93 significantly slowed and decreased the extent of Ca 2ϩ uptake compared with controls in the absence of these inhibitors (P Ͻ 0.05; Fig. 1 ). Background subtraction for nonspecific inhibitor effects in the absence of ATP was performed before comparison of inhibitor effects with controls in the presence of ATP. There was no significant difference in the inhibitory effects of W-7, KN-62, and KN-93 on Ca 2ϩ uptake in microsomes.
Effect of CaMKII Inhibition on PLN
Western analysis using anti-PLN antibody revealed the presence of PLN in porcine SR microsomes (Fig. 2) (Fig. 2) .
Role of CaM and CaMKII in [Ca
2ϩ ] i Oscillations
As described in previous studies by our group (24, 45, 56) (Fig. 3, A and B) . In cells where oscillations were not abolished, W-7 significantly increased the normalized fall time but significantly decreased oscillation amplitude and frequency compared with control values ( Fig. 4A; (Fig. 3C ). However, exposure to KN-62 significantly decreased oscillation amplitude and frequency and increased fall time ( Fig. 4C ; P Ͻ 0.05). These effects were less than those of W-7 ( Fig. 4A ] i oscillation frequency compared with control (i.e., the same cell before ACh exposure; Fig. 4D ; P Ͻ 0.05). However, oscillation amplitude was largely unaffected. In ASM cells that displayed a frequently described transient [Ca 2ϩ ] i response to 1 M ACh (Fig. 5A) , this response was reproducible in control cells after washout over 20 -30 min followed by reexposure to ACh. However, exposure to KN-62 or KN-93 before a second ACh exposure significantly slowed the rate of fall of the [Ca 2ϩ ] i transient (quantified by the time constant via a single-exponential curve fit) compared with controls ( Fig. 5B ; P Ͻ 0.05). This effect was persistent in the presence and absence of extracellular Ca 2ϩ . To confirm this concept, we performed additional experiments using the siRNA technique to knock down PLN and studied the Ca 2ϩ transients in response to ACh with and without KN-93. The efficacy of siRNA knockdown was verified by Western analysis of decreased PLN expression (Fig. 6A) ] i response to caffeine was unaffected, but fall time was significantly increased ( Fig. 7 ; P Ͻ 0.05).
DISCUSSION
The results of the present study demonstrate that SR Ca 
SR Ca 2ϩ Reuptake in ASM
Although several intracellular mechanisms exist for sequestering Ca 2ϩ in ASM (and, indeed, other smooth muscle cells), including the SR, mitochondria, lysosomes, and nuclear envelope (22) , it is generally accepted that SR Ca 2ϩ stores are key to regulation of ASM contractility. In this regard, the only major mechanism that directly controls replenishment of SR Ca 2ϩ stores is SERCA. Given the extremely high (ϳ10,000-fold) Ca 2ϩ gradient across the SR membrane, ATP hydrolysis is required for transport of Ca 2ϩ into the SR. 
Regulation of SR Ca 2ϩ Reuptake
In cardiac muscle, it is well established that SERCA is modulated in an inhibitory fashion by the protein PLN (60) . Previous studies in vascular smooth muscle have shown that, as in cardiac muscle, phosphorylation and dephosphorylation reuptake (11, 49 -51) . Furthermore, siRNA-mediated inhibition of PLN expression has been shown to improve Ca 2ϩ uptake affinity and activity (65) . Whether PLN is involved in regulating SERCA activity in ASM has been examined in only one study by McGraw et al. (38) , where gene and protein analysis of cultured ASM cells from transgenic mice overexpressing ␤ 2 -adrenoceptors demonstrated decreased PLN levels, correlating with markedly reduced responses of ASM tissue to methacholine challenge. However, the bronchodilatory effect of ␤-adrenoceptor stimulation was unaffected by the absence of PLN. Therefore, the dynamic role of PLN in SR Ca 2ϩ regulation was not defined. Interestingly, no data beyond those presented by McGraw et al. specifically show PLN expression in ASM. In this regard, the data provided in the present study are novel. Furthermore, our data demonstrating that PLN siRNA transfection yields a significantly faster decline in [ ] i decline is increased in PLN-knockout mice (42) . Furthermore, in cardiac muscle, skeletal muscle, and several smooth muscle types, SERCA activity and SR Ca 2ϩ load are increased by CaMII-mediated PLN phosphorylation (12, 42) . In contrast, in coronary artery smooth muscle, there is evidence of CaMKII phosphorylation of SERCA with an accompanying increase in SERCA activity, even though PLN could not be detected in that tissue (18) . In aortic smooth muscle, although PLN protein was detected, no CaMKII-mediated phosphoryla- tion was found (8) . In ASM, there is no evidence for PLN regulation of SERCA. However, previous studies in SR vesicles from bovine trachea have shown that SERCA is modulated by a Ca 2ϩ /CaM protein kinase (10) . The results of the present study not only demonstrate that PLN is present in porcine ASM but, also, that CaM and CaMKII regulate SERCA potentially by PLN (as evidenced by the increased Thr 17 phosphorylation of PLN, which was blocked by CaMKII inhibition). An interesting observation in this regard was the persistent Ser 16 phosphorylation of PLN (which was unaffected by CaMKII inhibition). Studies in cardiac muscle have established that ␤-adrenergic stimulation or other mechanisms that activate PKA result in PLN phosphorylation at Ser 16 and Thr 17 (9, 13-15, 35, 36) ; however, the extent of Ser 16 phosphorylation appears to be greater and more consistent with PKA effects. Although the present study did not specifically control for inadvertent elevation of PKA during manipulation of samples, the role of this phosphorylation site remains to be examined. ] i oscillations reflect all-or-none SR Ca 2ϩ release from IP 3 -independent stores via RyR channels but require SR Ca 2ϩ release through IP 3 receptor channels for initiation (24, 45, 56) . Furthermore, we demonstrated that oscillation amplitude and frequency are modulated by ACh concentration (47) . However, we also found that although blocking Ca 2ϩ influx (e.g., 0-Ca 2ϩ HBSS) eventually prevented the sustained steady-state phase of oscillations, the oscillations were sustained in the presence of zero extracellular Ca 2ϩ and La 3ϩ (which blocked Ca 2ϩ influx and efflux). Finally, ACh-induced Ca 2ϩ oscillations were observed in ␤-escin-permeabilized ASM cells (24 /CaM-binding site on the enzyme, but not the ATPbinding domain (21) .
In addition to the well-studied role of CaM in binding to Ca 2ϩ resulting in activation of smooth muscle myosin light chain kinase and smooth muscle cell contraction (for review see Refs. 17 and 64), CaM has also been found to modulate several other [Ca 2ϩ ] i regulatory mechanisms. In this regard, the roles of CaM and CaM kinases in Ca 2ϩ regulation differ between striated and smooth muscles, as well as within smooth muscle types. One of the effects studied in several cell systems is the direct CaM regulation of the plasma membrane Ca 2ϩ -ATPase (for review see Refs. 7 and 58). In non-ASM, plasma membrane Ca 2ϩ -ATPase has been shown to at least contribute to [Ca 2ϩ ] i regulation (34, 55) . Accordingly, CaM regulation of the plasma membrane Ca 2ϩ -ATPase would have been a confounding issue in the present study on ASM. However, the use of zero extracellular Ca 2ϩ and La 3ϩ to functionally inhibit the plasma membrane likely minimized the contribution of CaM regulation of the plasma membrane Ca 2ϩ -ATPase in our experiments. Accordingly, it is likely that the CaM (and CaMKII) effects observed in the present study reflect interactions at the level of the SR. -induced Ca 2ϩ release) and, thus, the amplitude and frequency of oscillations. In this regard, the results of the present study of W-7-induced decreased oscillation amplitude and frequency are consistent.
Interestingly, we found that, in addition to W-7, KN-62 also altered oscillation amplitude and frequency. Although direct CaM regulation (with or without Ca 2ϩ ) of RyR channels has been demonstrated, less is known about the role of CaMKII. In cardiac myocytes, endogenous CaMKII activity modulates SR Ca 2ϩ cycling during excitation-contraction coupling (33) . There is no information on CaMKII regulation of smooth muscle RyR; however, the present results are suggestive.
In contrast to the ACh data, we found that the peak [Ca 2ϩ ] i response to caffeine was largely unaffected by W-7 or KN-62. It is possible that the stimulatory effect of caffeine on SR Ca 2ϩ release via RyR channels overwhelmed any modulatory effect of CaM or CaMKII inhibition on these channels.
In our model of [Ca 2ϩ ] i oscillations, SR Ca 2ϩ release via IP 3 receptor channels is required at least for initiation of oscillations. Previous studies have shown that CaM inhibits release via these channels (40, 44) . Accordingly, during oscillations, when release via IP 3 channels may be less important, CaM inhibition by W-7 may have minimal effect. However, with exposure to W-7 before ACh application, CaM may increase basal Ca 2ϩ release via IP 3 receptor channels. This would lead to increased [Ca 2ϩ ] i , as observed in this study. The effects of CaM and CaMKII inhibition on ongoing oscillations may involve effects at IP 3 receptor channels; however, with the protocols used in the present study, it is difficult to isolate such effects from concurrent changes in RyR channel activity. ] i oscillations and the response to caffeine, these effects were less pronounced than those of W-7. Nevertheless, the effects of KN-62 suggest that the CaM regulation of SR Ca 2ϩ reuptake is mediated via the kinase.
We also observed that baseline [Ca 2ϩ ] i was significantly elevated by W-7 and, especially, by KN-62 (even in the absence of ACh). This may represent relative inhibition of SERCA with ongoing SR Ca 2ϩ leak. Furthermore, baseline Ca 2ϩ release via IP 3 and RyR channels may be altered, resulting in a net increase in [Ca 2ϩ ] i . Further study is needed to examine these issues.
In conclusion, the present study demonstrates that, in porcine ASM, SR Ca 2ϩ reuptake is modulated by CaM and/or CaMKII, likely via concurrent effects on PLN and on release via RyR channels.
